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Abstract. The Mekong River Basin is a key regional re-
source in Southeast Asia for sectors that include agricul-
ture, ﬁsheries and electricity production. Here we explore
the potential impacts of climate change on freshwater re-
sources within the river basin. We quantify uncertainty in
these projections associated with GCM structure and cli-
mate sensitivity, as well as from hydrological model pa-
rameter speciﬁcation. This is achieved by running pattern-
scaled GCM scenarios through a semi-distributed hydrolog-
ical model (SLURP) of the basin. Pattern-scaling allows in-
vestigation of speciﬁc thresholds of global climate change
including the postulated 2 ◦C threshold of “dangerous” cli-
mate change. Impacts of a 2 ◦C rise in global mean temper-
ature are investigated using seven different GCMs, provid-
ing an implicit analysis of uncertainty associated with GCM
structure. Analysis of progressive changes in global mean
temperature from 0.5 to 6 ◦C above the 1961–1990 base-
line (using the HadCM3 GCM) reveals a relatively small but
non-linear response of annual river discharge to increasing
global mean temperature, ranging from a 5.4% decrease to
4.5% increase. Changes in mean monthly river discharge
are greater (from −16% to +55%, with greatest decreases in
July and August, greatest increases in May and June) and re-
sultfromcomplexandcontrastingintra-basinchangesinpre-
cipitation, evaporation and snow storage/melt. Whilst over-
all results are highly GCM dependent (in both direction and
magnitude), this uncertainty is primarily driven by differ-
encesin GCMprojectionsof futureprecipitation. Incontrast,
there is strong consistency between GCMs in terms of both
increasedpotentialevapotranspirationandashifttoanearlier
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and less substantial snowmelt season. Indeed, in the upper
Mekong (Lancang sub-basin), the temperature-related signal
in discharge is strong enough to overwhelm the precipitation-
related uncertainty in the direction of change in discharge,
with scenarios from all GCMs leading to increased river ﬂow
from April–June and decreased ﬂow from July–August.
1 Introduction
Changing availability of freshwater resources is likely to
be one of the most important consequences of projected
21st century climate change, critically affecting the poten-
tial for sustainable development of life and livelihoods (Bates
et al., 2008; Todd et al., 2011). The most recent projec-
tions presented by the Intergovernmental Panel on Climate
Change (IPCC) suggest annual precipitation for the 2080–
2099 period in the Southeast Asia region will be greater than
the baseline 1980–1999 period, with changes of up to 10%
over the Mekong Basin (Christensen et al., 2007). The mid-
dle half of the distribution of 21 GCMs in the IPCC report
show changes in precipitation over this region of the same
sign, making it an area of comparatively consistent precipi-
tation projections (Christensen et al., 2007).
The impacts of hydrological changes resulting from pro-
jected changes in climate may be particularly severe for
the Mekong River system given its role as a vital regional
resource, providing food, water, transport and livelihoods
(Kite, 2001). The Mekong also supports unique and var-
ied ecosystems, with a number of endemic species and large
and diverse ﬁsheries. Ecosystem functioning is important
because the Mekong (in part, through its ﬁsheries) provides
the staple diet for approximately 300 million people (MRC,
2003). Particularly productive areas include the Mekong
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Delta and its associated wetlands, as well as the Tonle Sap
in Cambodia. However, ﬁsheries and other resources pro-
vided by the river are vulnerable to changes in the season-
ality of river ﬂow, sediment load and water quality (MRC,
2003). Indeed, ﬁsh catches per ﬁsher have been declining
over time, although there is some uncertainty as to whether
this is, at least in part, due to increasing numbers of ﬁsh-
ers (MRC, 2003). The Mekong is also being impacted
by large-scale hydraulic interventions with a focus on hy-
dropower. Four large dams have already been constructed
on the Chinese section of the river and further dams are ei-
ther under construction or planned throughout the river basin
(Kite, 2001; Li and He, 2008; Stone, 2010; Wang et al.,
2011). These dams have already been controversial in terms
of their downstream impacts with uncertainty over their in-
ﬂuence on recent variations in ﬂow volumes, sediment load-
ings and ﬁsheries (Kummu et al., 2010; Li and He, 2008;
Wang et al., 2011).
Given the magnitude of projected climatic changes,
the importance of water for socio-economic development
throughouttheregion(includingthegrowinginﬂuenceofhy-
dropower), and the increasing (often trans-boundary) compe-
tition for water use in the Mekong, there is a clear need for
improved understanding of the potential impacts of climate
change on future availability of freshwater resources. Only
through such understanding can water resource managers
(particularly the basin authority, the Mekong River Commis-
sion, MRC) fully evaluate proposed developments and im-
plement appropriate trans-boundary management strategies.
The need for climate change adaptation strategies is particu-
larly prescient for the Mekong given the reliance on the river
for agriculture and ﬁsh, the vulnerability of the low-lying
delta region including large ﬂood-prone areas, and the rel-
ative absence of river management infrastructure. This situ-
ation is likely to be exacerbated by the projected substantial
increases in population, in particular in the lower Mekong
Basin (from 55 to 90 million by 2025, MRC 2003). Fur-
thermore, the precipitation elasticity of Mekong river ﬂow
has been estimated as generally greater than zero, meaning
that changes in precipitation result in proportionately greater
changes in river ﬂow (Hapuarachchi et al., 2008).
Previous studies of the hydrological impacts of potential
climate change on the Mekong have generally focussed on
climate forcings from individual GCMs or the mean climate
change from an ensemble of GCMs. For example, Kiem
et al. (2008) used output from the Japanese Meteorologi-
cal Agency GCM for the IPCC SRES A1b scenario and a
gridded hydrological model to show that the mean annual
number of wet days, precipitation and discharge would in-
crease by 5.2, 6.3 and 11.7%, respectively between 1979–
1988 and 2080–2099. Ishidaira et al. (2008) employed a
distributed hydrological model and the mean of the Tyndall
Centre v2.03 scenario set. Their results suggested increases
in future Mekong discharges up to 2080 with the maximum
increases occurring in the middle of the 21st century.
Whilst useful and informative, previous studies of cli-
mate change impacts on Mekong river ﬂow have generally
been limited by their adoption of future climate projections
from a single GCM or by masking the variation between
GCMs through the use of ensemble means. Although GCM
simulated temperature can be relatively consistent between
GCMs, the same is not true for precipitation. Indeed, pro-
jections of future precipitation from different GCMs often
disagree even in the direction of change (Randall et al.,
2007). For this reason, it is essential that climate change
impact studies consider an ensemble of GCMs without re-
sorting to ensemble mean climate change. As part of the
wider QUEST-GSI project (Todd et al., 2011; http://www.
met.reading.ac.uk/research/quest-gsi/, accessed April 2011),
this study addresses the important issue of GCM uncer-
tainty by driving a hydrological model of the Mekong River
Basin with outputs from seven different CMIP-3 GCMs (CC-
CMA CGCM31, CSIRO Mk30, IPSL CM4, MPI ECHAM5,
NCAR CCSM30, UKMO HadCM3, UKMO HadGEM1).
These GCMs are driven by the policy relevant scenario of
a 2 ◦C rise in global mean temperature, a presumed thresh-
old of “dangerous” climate change (Todd et al., 2011). In
addition, the hydrological impacts of a progressive change in
global mean temperature (from 0.5 to 6 ◦C) using one GCM,
UKMO HadCM3, are also investigated.
2 The Mekong River Basin
The Mekong River is the world’s eighth largest in dis-
charge (annual discharge: 475km3), 12th largest in length
(4350km), and 21st largest in drainage area (795000km2).
It is a major trans-boundary river, originating at over 5100m
abovesealevelintheTibetanHighlands. TheMekongsubse-
quently ﬂows through the narrow, steep, and in places virtu-
ally unexplored Lancang Gorge in China’s Yunnan Province
before passing through Burma, Laos, Thailand and Cam-
bodia and discharging into the South China Sea from the
many distributaries within its delta which lies predominantly
within Vietnam (Fig. 1).
The Mekong is initially fed by melting snow in the Tibetan
Highlands, wherethepredominantlandcoverconsistsoftun-
dra and montane semi-desert. Although snow covers only
approximately 5% of the Mekong Basin during November–
March (and is negligible at other times), snow storage and
subsequent melt has a substantial impact on Mekong runoff
(Kiem et al., 2005). Indeed, 27% of mean annual dis-
charge at Pakse (the terminus of the Mekong 2 sub-basin;
see Fig. 1 for location of sub-basins) originates from the
uppermost sub-basin (Lancang). The lower Lancang, Nam
Ou, Nam Ngum and upper Mekong 1 sub-basins are domi-
nated by forest (both deciduous and evergreen). The Mekong
1 sub-basin is the largest contributor to annual Pakse dis-
charge (39%). Agriculture forms the greatest land-use type
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in the lower Mekong Basin, particularly in the Chi and Mun
sub-basins (which together contribute approximately 10% of
Pakse mean annual discharge) and within the delta.
The vast majority of the basin experiences a monsoonal
climate, with seasonal precipitation the primary source of
river runoff. The wet season lasts from mid-May to Octo-
ber, and accounts for over 90% of annual precipitation in
many areas. Overall, total annual precipitation ranges from
highs of 3200mm in parts of Laos, to under 1000mm on the
comparativelydrierKoratplateauineasternThailand(i.e.the
Chi and Mun sub-basins). Peak river ﬂow at the head of the
delta (Phnom Penh) usually occurs in September or October,
with the high ﬂow season extending from June to November.
Annual minimum ﬂows occur in March or April.
3 Data and methods
3.1 Data
Baseline climate data for the hydrological model of the
Mekong River Basin comprising monthly minimum and
maximum temperature, precipitation totals and number of
wet days were initially obtained from the 0.5◦ ×0.5◦ grid-
ded CRU TS 3.0 dataset (Mitchell and Jones, 2005), as de-
scribed in Todd et al. (2011). Monthly data for the 268
grid cells which cover the river basin were stochastically dis-
aggregated to daily resolution following the procedures de-
veloped by Arnell (2003) and further described by Todd et
al. (2011). Station-based daily precipitation and temperature
data (used to deﬁne the coefﬁcient of variation for disaggre-
gated daily precipitation data and standard deviation of daily
temperature data) were obtained from the US National Cli-
mate Data Centre (NCDC) global surface summary of the
day (GSOD) meteorological stations used to drive the Kite
(2001) Mekong hydrological model. As acknowledged by
Kite (2001), the availability of station meteorological data in
the Mekong Basin is far from ideal, with a total of 17 stations
available for the entire 1961–1990 period, most of which are
located in China and Thailand.
Future (monthly resolution) climate scenarios for temper-
ature and precipitation were generated using the ClimGen
pattern-scaling technique developed by Arnell and Osborn
(2006), and later downscaled to daily resolution following
the procedure outlined above. ClimGen is a spatial scenario
generator (e.g. Hulme et al., 2000), based on the assump-
tion that the spatial pattern of climate change, expressed as
change per unit of global mean temperature change, is rela-
tively constant for a given GCM (Arnell and Osborn, 2006).
This allows the pattern of climate change from an individ-
ual GCM to be scaled up- and downwards in magnitude, en-
abling speciﬁc (and policy relevant) thresholds of global cli-
mate change to be explored (Todd et al., 2011). A further as-
sumption of pattern-scaling (as applied here) is that there is a
linear relationship between the global mean temperature and
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Fig. 1. The Mekong River Basin and sub-basins deﬁned by Kite
(2001). Note: only the sub-basins modelled in the current study are
labelled.
the response pattern (i.e. grid cell temperature and precipita-
tion). A global-scale validation of the pattern-scaling scenar-
ios indicates that the assumption of linearity is generally sat-
isfactory, but may not hold for large changes in global mean
temperature, or where the rate of temperature change slows
or even reverses. However, errors associated with pattern-
scaling are generally considered small in comparison to other
uncertainties associated with the generation of future climate
scenarios (Mitchell, 2003; Warren et al., 2008).
Scenarios were generated here for a prescribed warming
of global mean temperature of 0.5, 1, 1.5, 2, 2.5, 3, 4, 5,
and 6 ◦C using the UKMO HadCM3 GCM, and for a 2 ◦C
warming using six additional GCMs: CCCMA CGCM31,
CSIRO Mk30, IPSL CM4, MPI ECHAM5, NCAR CCSM30
and UKMO HadGEM1. Although all GCMs contain cer-
tain similarities, by examining climate projections from a
number of different models it will nevertheless be possible to
draw (implicit) conclusions on the inﬂuence of GCM struc-
ture on uncertainty in climate change impacts. The subset of
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CMIP-3 GCMs used here was chosen following the analyses
described by Todd et al. (2011) to span a range of “plausi-
ble” different modelled global climate futures (e.g. Indian
monsoon weakening/strengthening, magnitude of Amazon
dieback). HadCM3 was chosen as the model for detailed in-
vestigation of the impacts of prescribed changes in global
mean temperature as it is both a widely used GCM and one
that has already undergone considerable analyses of model
uncertainty (e.g. Murphy et al., 2004).
3.2 The SLURP hydrological model
The hydrological model used to investigate climate change
impacts on the Mekong River Basin was the Semi-distributed
Land Use-based Runoff Processes (SLURP, v.12.7) model
(Kite, 1995). This is a physically based semi-distributed hy-
drological model that operates on a daily time step. SLURP
is described in detail by Kite (2001) so only a brief sum-
mary of the model is provided here. The basin is divided
into sub-basins according to topography, and each sub-basin
is divided into different land cover types. Each land cover
type has a unique set of parameters associated with the ver-
tical transfer of water through fast- and slow-responding soil
reservoirs. Spatial averages of each climate variable are cre-
ated for each sub-basin, which are then used to drive the
model. Precipitation falls as snow when temperatures are
below 0 ◦C with snow being stored on the ground surface.
Accumulated snowmelt is computed on a daily basis using
a degree-day method (Rango and Martinec, 1995), including
the cold content of the snowpack (St. Laurent, 2003).
The SLURP model has been successfully employed in a
range of different environments. These range from small
Canadian wetland basins of less than 1km2 (Su, 2000),
through catchments of hundreds of square kilometres with
very different climatologies including studies in Canada
(Armstrong and Martz, 2008), Germany (Viney et al., 2009),
Turkey (Apaydin et al., 2006) and South Korea (Kim et al.,
2007; Park et al., 2009), to major river basins including up-
per tributaries of the Indus and Yangtze (Jain et al., 1998;
Woo et al., 2009).
The Mekong River Basin has previously been modelled
using SLURP, for the period 1994–1998 (Kite, 2001). In
this previous study, the basin was divided into 13 sub-
basins (Fig. 1) based on the United States Geological Sur-
vey (USGS) GTOPO-30 digital elevation model. Land cover
types within each sub-basin were derived from the USGS
1km digital land cover map of the world, with soil pa-
rameters generated using data from the FAO World Soil
Map (FAO, 1990). As stated previously, the climate data
used to drive the original Mekong SLURP model consisted
of station-based daily meteorological data from the NCDC
GSOD dataset. The whole 1994–1998 period was employed
as the simulation period without calibration and daily river
ﬂow was shown to be simulated “reasonably well” at a num-
ber of gauging stations (Kite, 2001).
The present study started with the same SLURP model,
topographic, land cover and soil data, sub-basins and model
parameters used by Kite (2001), but with the model run for
the much longer 1961–1998 period. It is acknowledged that
the use of temporally constant land-cover types for the analy-
sis period is a potential source of error. Previous research has
shown that rainfall-runoff relationships have varied over re-
cent decades for sections of the Mekong upstream of Pakse,
with this variation thought to be a response to changing land-
cover types (Lacombe et al., 2010). However, in the ab-
sence of a long-term land cover dataset the land cover data
successfully used by Kite (2001) was retained. In common
with other modelling studies undertaken within the QUEST-
GSI project (e.g. Hughes et al., 2011; Kingston and Taylor,
2010), a baseline period of 1961–1990 was used for calibra-
tion, with the remaining 1991–1998 data used for validation.
The input climate data were derived from the monthly CRU
TS 3.0 dataset disaggregated to daily resolution (as described
in Todd et al., 2011), rather than the relatively sparse GSOD
daily station based dataset. Although SLURP operates on a
daily time-step, results are only considered at a monthly res-
olution due to the use of a stochastic weather generator to
generate daily climate data. As with the Kite (2001) study,
the Mekong Basin was only modelled as far as the Pakse
gauging station in Laos (i.e. the terminus of the “Mekong
2” sub-basin) which is upstream of the many distributaries of
the river’s extensive delta. The modelled area was therefore
550000km2 rather than the total 795000km2 of the whole
Mekong Basin.
3.3 Calibration and validation of the SLURP
hydrological model
Data from three gauging stations were available for calibra-
tion of the SLURP hydrological model: Chiang-Saen (the
terminus of the Lancang sub-basin, with an upstream area of
228000km2), Ubon (the Chi, Mun and Chi-Mun sub-basins,
122390km2), and Pakse (the entire modelled area, i.e. the
terminus of the Mekong 2 sub-basin). Model calibration was
undertaken sequentially from upstream to downstream (i.e.
Chiang-Saen and Ubon before Pakse), and was particularly
focussed on the Chiang-Saen and Pakse stations as the com-
bined Chi, Mun and Chi-mun sub-basins (i.e. Ubon gaug-
ing station) contribute only 10% of the mean annual ﬂow at
Pakse (in comparison to 27% from Lancang).
Initial runs of the SLURP model for the 1961–1990 cali-
bration period indicated that it would be necessary to mod-
ify existing values of model parameters in order to gain a
satisfactory ﬁt between modelled and observed discharge.
Modelled discharge using the original (Kite, 2001) param-
eter values was too high in all months whilst the transition
to and from the high ﬂow season was too gradual. The need
for re-calibration was expected given the different time pe-
riod for which the model was being run and the different
climate data being used. This is in common with previous
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Table 1. Nash Sutcliffe (NS) values and percent difference between modelled and observed (modelled minus observed) for the three calibra-
tion points in the Mekong Basin during the calibration (C) and validation (V) periods. (Validation period values for Ubon are not given as
data for Ubon ends in 1993.)
Gauge NS Annual mean Month of peak Month of
ﬂow minimum ﬂow
C V C V C V C V
Pakse 0.89 0.77 +0.9 −4.2 −10.0% −20.4% −22.2% −4.8%
Chiang-Saen 0.78 0.81 +8.2% +2.4% −1.3% +10.3% −10.4% −24.3%
Ubon 0.44 +41.9% +5.1% +5.8%
research that has shown that hydrological models may re-
quire recalibration when meteorological inputs are changed
from station-based records to gridded datasets (Mileham et
al., 2008; Xu et al., 2010).
The calibration of the Mekong model was determined by
the SLURP model structure and was based on modiﬁca-
tions to parameters which vary between land cover types
(i.e. transport of water through the soil proﬁle: the reten-
tion constants and capacities of the fast and slow soil stores)
and those which vary between sub-basins (evaporation, Man-
ning’s roughness and ﬁeld capacity coefﬁcients). Initial mi-
nor manual adjustment of SLURP parameters proved inef-
fective, with the model continuing to simulate monthly dis-
charges which were substantially higher than those of the ob-
served records at the three gauging stations, particularly dur-
ing the rising and descending limbs of the annual ﬂood peak.
The Shufﬂed Complex Evolution method of model autocal-
ibration developed at the University of Arizona (SCE-UA)
is embedded within SLURP, but application of this method
failed to improve the model calibration. This is thought to
be because autocalibration within SLURP can only be per-
formed at a daily time-step, and the disconnect between daily
temperature, precipitation and discharge introduced by arti-
ﬁcially generating daily weather data prevents the autocal-
ibration routine from working effectively at this temporal
resolution.
Following these initial calibration attempts, more substan-
tial changes were made to the model. The potential evap-
otranspiration (PET) routine was changed from the original
Penman-Monteithmethodtothelessdata-intensiveandmore
empirical temperature-based Linacre method. Although this
resulted in substantial improvements, including lower mod-
elled discharge and a better match to the shape of the ob-
served annual hydrograph, results were still considered to be
beyond the bounds of acceptability.
Improvement in model performance following the adop-
tion of a less data-intensive PET method suggests that data
quality may be an issue. There are two principal reasons why
this may be the case. Firstly, Penman-Monteith PET requires
humidity, wind speed and net radiation data in addition to
temperature. The former variables are typically less reliable
in gridded datasets, due in part to measurement difﬁculties
and a relatively limited number of data points, particularly
for the latter two variables (e.g. New et al., 1999). The sec-
ondfactorismorespeciﬁctotheuppersectionoftheMekong
RiverBasin(i.e.theLancangsub-catchment), wheretheriver
passes through a series of very narrow gorges. In places,
these gorges are substantially narrower than the 0.5 ◦ res-
olution of the input climate data. Coupled with the likely
high spatial variability of local climate over this complex ter-
rain and the relatively poor coverage of station data used to
construct the gridded CRU data for this region, the repre-
sentivity of gridded datasets is liable to be poor in the upper
Mekong Basin. This is likely to be particularly important for
precipitation, which can exhibit high spatial variability even
over relatively homogeneous terrain. In light of the potential
poor representivity of the CRU precipitation data, an alterna-
tive precipitation dataset, the University of Delaware global
precipitation dataset (UDel) based on Legates and Wilmott
(1990), was used to investigate whether poor model perfor-
mance was due, in part, to the precipitation data used to drive
the model.
Initial results using the UDel precipitation dataset pro-
duced a marked improvement in model performance com-
pared to those based on the original CRU TS 3.0 data. Al-
though this is initially surprising (the CRU database contains
more station data points than UDel), these results follow pre-
vious ﬁndings (Hughes et al., 2011). One possible reason
for this apparent contradiction is that whilst the CRU dataset
intermittently captures more detail in regional precipitation
than UDel, not all of this regional detail is relevant for the
Mekong River Basin (i.e. occurs beyond the basin boundary).
Further manual adjustment of model parameters was un-
dertaken following the guidelines provided by Kite (2008).
UDel-driven simulation of Pakse mean monthly discharge
(with Linacre-derived PET) was bought substantially closer
to the observed values (Table 1, Fig. 2a). However, discharge
was still slightly underestimated during the peak and low
ﬂow seasons, and slightly overestimated during the transition
months. It was not possible using reasonable parameter ad-
justment to further increase modelled river ﬂow during the
high and low ﬂow seasons without also increasing the over-
estimation of ﬂow during the transition seasons. The as-
cending limb and seasonal peak of the Chiang-Saen annual
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Fig. 2. Observed and simulated mean monthly discharges (1961–
1990): (a) Mekong at Pakse (Mekong 2), (b) Lancang sub-basin at
Chiang-Saen, (c) Chi-Mun sub-basin at Ubon (note varying y-axis
scales).
hydrograph are well captured, but with some overestimation
ofthedescendinglimb, leadingtomodelledannualminimum
ﬂow occurring a month later than observed (i.e. April as op-
posed to March; Table 1, Fig. 2b). Although peak and low
season discharges were successfully captured for Ubon, as at
Pakse rising and descending limb discharges were generally
too high (Table 1, Fig. 2c).
The Nash-Sutcliffe coefﬁcients (NS) for monthly dis-
charge for the 1961–1990 calibration period are 0.89 (Pakse),
0.78 (Chiang-Saen) and 0.44 (Ubon) (Table 1). According
to the classiﬁcation scheme of Henriksen et al. (2008) the
NS value for Pakse is “excellent” and that for Chiang-Saen
“very good”. The relatively low value for Ubon (classiﬁed
as “poor”) is likely to reﬂect the aforementioned discrepan-
cies in the simulation of the rising and descending limbs of
the annual hydrograph. Although difﬁcult to make precise
comparisons with previous studies (due to the use of dif-
ferent performance metrics and different study periods), the
SLURP model used herein appears to be at least as good as
previous attempts at modelling the Mekong. For example,
observed-modelled differences in mean monthly ﬂow in the
study of Kite (2001) vary between +14 and −37%; NS val-
ues for different sub-basins in the study of Hapuarachchi et
al. (2008) vary between 0.7 and 0.83; an NS value of 0.63
was achieved for Kratie (downstream of Pakse) discharge by
V¨ astil¨ a et al. (2010).
The performance of the model does not vary greatly be-
tween the calibration and validation periods at Pakse (Ta-
ble1). Similarly, littlechangein thecorrespondencebetween
model results and observations occurs for Chiang-Saen (Ta-
ble 1). Statistical validation of modelled Ubon river ﬂow
was not undertaken because observed data is only available
for this gauge up to 1993; however visual analysis of the
data (not shown) indicates few major departures from the
observed-modelled relationship obtained for the calibration
period.
The implications of the disaggregation of monthly data to
a daily time-step were investigated by running the disaggre-
gation procedure ten times to determine the sensitivity of
the hydrological model to the random sequencing of rain-
fall events within each month. The Nash-Sutcliffe coefﬁcient
for Pakse varied by less than 0.05 between the original run
and the mean of the ten subsequent runs. Very similar 30-yr
monthly mean ﬂows were obtained suggesting that the model
is not very sensitive to the disaggregation procedure.
4 Scenario results: prescribed warming using
HadCM3
4.1 Changes in climate
Changes in temperature associated with prescribed warm-
ing of global mean temperature using the HadCM3 GCM
are relatively uniform across the seven modelled sub-basins
of the Mekong, with only the Lancang sub-basin experienc-
ing slightly different changes. Temperatures increase lin-
early with increasing global mean temperature. The great-
est warming in all sub-basins occurs from November–April
(e.g. 2.5 to 3.5 ◦C in the 2 ◦C scenario), with slightly weaker
warming occurring in the May–October period (e.g. 2.0 to
2.5 ◦C for the 2 ◦C scenario). The Lancang sub-basin has
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Table 2. Percent change in Pakse (Mekong 2) annual mean, Q5 and
Q95 discharges for 0.5–6◦C increases in global mean temperature
using HadCM3.
Scenario Q5 Mean Q95
0.5◦C −7.7 −3.7 2.8
1.0◦C −3.6 −0.7 −0.6
1.5◦C −8.6 −4.7 3.2
2.0◦C −7.6 −1.6 0.4
2.5◦C −11.3 −5.4 10.4
3.0◦C −11.3 −2.6 8.9
4.0◦C −4.4 4.5 24.0
5.0◦C −9.9 −2.0 26.2
6.0◦C −11.4 −0.2 26.7
slightly more consistent year-round warming but a similar
overall magnitude of increasing temperatures. Inter-seasonal
and inter-basin patterns are the same for all scenarios, but
with increasing magnitude from the 0.5 to the 6 ◦C scenario,
such that for the 6 ◦C scenario warming is between 7.5 and
10.5 ◦C for November–April and 6.0 and 7.5 ◦C for May–
October.
On an annual basis, the HadCM3 precipitation climate
change signal (relative to the UDel baseline) is ≤1% for
all except the three most northerly sub-basins, all of which
show increases (for the 2 ◦C scenario, Lancang: 10%; Nam
Ou: 11%; Nam Ngum: 5%). In contrast, the monthly pre-
cipitation signal is highly variable, albeit with linear rates of
change with increasing global mean temperature. The two
most northerly sub-basins, Lancang and Nam Ou, show in-
creasing precipitation for nearly all months; April is the only
month that has notable decreases (up to 16% decrease for
the 2 ◦C scenario, 40% for the 6 ◦C scenario). Increases
of approximately 20% for the 2 ◦C scenario (60% for the
6 ◦C scenario) occur for both sub-basins in February, May,
September and October. The remaining sub-basins have
a more variable intra-annual signal, with decreases from
October–April (by up to 50% for 2 ◦C; 70% for 6 ◦C) and
July–August (up to 8% for 2 ◦C; 20% for 6 ◦C), and in-
creases from May–June (up to 17% for 2 ◦C; 60% for 6 ◦C).
4.2 Changes in river ﬂow
Results from the scenarios of prescribed increases in global
mean temperature from 0.5 to 6 ◦C using the HadCM3 GCM
generallyshowsmalldecreasesinannualrunoffatPakse(Ta-
ble 2). Unlike the changes in temperature and precipitation,
modiﬁcations in river ﬂow do not occur linearly with increas-
ing global mean temperature for either the mean discharge or
the Q5 and Q95 ﬂows (i.e. the discharges exceeded 5% and
95% of the time, respectively). Furthermore, high and low
ﬂows change in different directions, with low ﬂows generally
increasing, and high ﬂows generally decreasing (Table 2).
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Fig. 3. HadCM3 climate change signal for 0.5–6◦C increases
in global mean temperature: (a) mean monthly discharge of the
Mekong at Pakse (Mekong 2), (b) mean monthly discharge of the
Lancang sub-basin at Chiang-Saen.
Reductions from the Pakse baseline mean annual ﬂow vary
between 0.2 and 5.4%, but with little apparent link to the
magnitude of global temperature change; the smallest annual
change occurs in the 6 ◦C scenario whereas the largest arises
in the 1.5 ◦C scenario. The 4 ◦C scenario is somewhat of an
outlier with a 4.5% increase in mean annual runoff from the
1961–1990 baseline.
Whilst relatively small changes in the annual mean runoff
at Pakse are projected under increases in global mean tem-
perature, more substantial changes occur at Q5 and Q95,
reaching −11.4% and +26.7% respectively (Table 1). Large
changes also occur in monthly discharge (Fig. 3a). River
ﬂow during August and September (the months of annual
peak ﬂow) decreases on average by 0.2 and 9.8 % (respec-
tively) for the 2 ◦C scenario, with changes of +2.4% and
−16.0% for the 6 ◦C scenario. Although discharge decreases
in most months, the largest monthly changes involve in-
creases and occur in June (+27.0% for 2 ◦C; +55.6% for
4 ◦C, and +40.1% for the 6 ◦C scenario). These contrast-
ing trends occur because whilst temperature increases for all
sub-basins in all months of the year, changes in precipitation
vary in direction (both between sub-basins and months). The
interaction of these contrasting climatic trends and their im-
pacts on monthly river ﬂow provides partial explanation for
the absence of a progressive linear trend in annual runoff as
global mean temperature increases.
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Fig. 4. HadCM3 climate change signal for 0.5–6◦C increases in global mean temperature for the Mekong at Pakse (Mekong 2): (a) temper-
ature only, (b) precipitation only; and Lancang at Chiang-Saen: (c) temperature only, (d) precipitation only.
Further explanation for the absence of a progressive lin-
ear trend in annual runoff can be provided by considering
the role of temperature, and speciﬁcally the balance between
snow storage and release in the upper Mekong Basin and in-
creasing PET throughout the basin. In contrast to the over-
all Mekong response, the Lancang sub-basin (Chiang-Saen
gaugingstation)showsanear-linearincreaseinannualrunoff
from the 0.5 (+1.4%) to 6 ◦C (+15.3%) scenarios. Increas-
ing annual runoff in the Lancang sub-basin is driven by in-
creasing early and late season discharge, although counter-
balanced by decreasing peak season discharge (Fig. 3b). As
increases in precipitation occur in all months (Sect. 4.1), the
early season increases at Lancang are thought to be primarily
a result of higher temperatures and, in turn, enhanced snow-
melt earlier in the year. This is demonstrated by the division
of the riverﬂow climatechange signal intothat attributableto
temperature and precipitation (by holding temperature con-
stant and varying precipitation, and vice versa) (Fig. 4). This
shows that with increasing temperature and unchanged pre-
cipitation, early season river ﬂow increases, indicating the
role of enhanced snowmelt and/or an increasing rain-to-snow
ratio. Similarly, with stable temperature and changing pre-
cipitation year-round increases in river ﬂow are observed.
Increasing river ﬂow in the Lancang sub-basin is likely
to be at least partly responsible for the non-linear response
of Pakse river ﬂow to increasing global mean temperatures
(seen also in the Pakse temperature only climate change sig-
nal: Fig. 4a). The peak in the combined Pakse 4 ◦C scenario
is therefore thought to be the result of the combination of in-
creasing Lancang discharge (from the higher rain:snow ratio
and greater snowmelt) and seasonal changes in precipitation
across the Mekong Basin against the counterbalance of in-
creasing PET throughout the basin.
5 Scenario results: 2 ◦C warming across seven GCMs
5.1 Changes in climate
The 2 ◦C prescribed warming scenarios from the seven dif-
ferent GCMs show contrasting changes in climate over the
Mekong Basin. For temperature, all GCMs show increases
of close to 2 ◦C, but with variation between GCMs in the
monthly patterns of rising temperatures. For example, the
CCCMA, HadGEM1 and NCAR GCMs show a relatively
constant temperature climate change signal throughout the
year for most sub-basins; the CSIRO and MPI GCMs have
a distinct peak in April; HadCM3 peaks in February and
the IPSL GCM has a broad peak in temperature rise from
March–June. Also of note is the difference in the tempera-
ture signal over the Lancang sub-basin compared to the other
sub-basins. For all GCMs except HadCM3 the temperature
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Table 3. Percent change in Pakse (Mekong 2) annual mean, Q5 and
Q95 discharges for 2◦C increase in global mean temperature using
seven GCMs.
GCM Q5 Mean Q95
CCCMA 1.8 5.7 8.0
CSIRO −18.0 −17.8 −13.4
HadCM3 −7.6 −1.6 0.4
HadGEM1 −18.1 6.5 −1.9
IPSL −5.1 −10.2 −16.2
MPI 5.9 −9.5 −3.0
NCAR 6.3 3.0 5.9
increase in the Lancang sub-basin is much greater than
for the other sub-basins between January and April (for
HadCM3 the Lancang temperature signal is instead weaker
than for other sub-basins during these four months).
Differences in the precipitation climate change signal be-
tween GCMs are far greater than for temperature, with lit-
tle consistency in the magnitude, direction or seasonality of
change, or the level of similarity between sub-basins. At
the annual level for the entire Mekong Basin, the CCCMA,
HadCM3, MPI and NCAR GCMs show increasing precipita-
tion (by 3–10%) whereas the CSIRO, HadGEM1 and IPSL
GCMs show decreases in precipitation of 3, 2 and 1%, re-
spectively. Increasing annual precipitation occurs across all
sub-basins for the CCCMA, MPI and NCAR GCMs, with
decreases across all sub-basins shown by the CSIRO GCM.
For the other GCMs, the increase in annual precipitation for
the northerly sub-basins in the HadCM3 scenarios was noted
in Sect. 4.1. HadGEM1 also shows increases of 6% and
1% for the Lancang and Nam Ousub-basins, respectively,
but decreasing annual precipitation for the other sub-basins
(peaking at 5% in the Chi and Munsub-basins). In contrast
to the two Hadley Centre GCMs, IPSL shows decreasing
precipitation for the three northerly sub-basins, peaking at
5% for Lancang and Nam Ou, together with small (<1.5%)
increases in Chi-Mun and Mekong 2 precipitation. Inter-
seasonal patterns of change range from unimodal (maximum
decreases in January–March and peak increase in September:
CSIRO, IPSL) to bimodal (with peak increases around April
and September, and decreases in June–July and December–
January: CCCMA, NCAR, HadCM3, HadGEM1, MPI).
5.2 Changes in river ﬂow
Projected changes in Pakse discharge show substantial dis-
parities between GCMs, with little consistency in either the
magnitude or direction of change for annual or seasonal
mean discharge, or high and low ﬂows (Table 3, Fig. 5a).
There is no particular clustering of GCMs so it is not pos-
sible to label any GCM as an outlier, especially given that
these seven GCMs are drawn from a larger population of 23
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Fig. 5. 2◦C climate change signal across seven GCMs: (a) mean
monthly discharge of the Mekong at Pakse (Mekong 2), (b) mean
monthly discharge of the Lancang sub-basin at Chiang-Saen.
CMIP-3 GCMs (Meehl et al., 2007). The same is true for
Ubon (Chi-Mun discharge). However, whilst substantial dif-
ferences between GCMs also occur in the Lancang sub-basin
(Chiang-Saen gauging station), results for all seven GCMs
show increasing river ﬂow from April–June, and decreasing
ﬂow in July and August (Fig. 5b).
Results from running the model with scenario precipita-
tion and baseline temperature (and vice versa) show that
it is inter-GCM differences in scenario precipitation that
are the primary cause of variation in the overall climate
change signal in Mekong (Pakse) discharge (Fig. 6a, b). The
temperature-only climate signal in mean monthly discharge
is very consistent between all seven GCMs. In contrast,
the precipitation-only climate change signal shows both in-
creases and decreases in monthly discharge. Similar results
are found for the Lancang sub-basin (Fig. 6c, d), indicat-
ing that the April–June rising trend in river ﬂow is a tem-
perature rather than precipitation driven trend. As with the
HadCM3 results, these results demonstrate the likely impor-
tance of snowmelt and the snow-to-rain ratio of precipitation
for Lancang river ﬂow.
6 Uncertainty in model parameterisation
In the absence of quantitative estimates of uncertainty as-
sociated with model parameterisation from an autocalibra-
tion routine, a manual assessment was made to provide an
indication of model parameterisation uncertainty. This was
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Fig. 7. Model parameter uncertainty for HadCM3 2◦C scenario:
maximum extent of the disparity between the scenario-baseline dif-
ference in the perturbed parameter versus reference model runs.
undertaken by varying the most sensitive parameters in the
hydrological model. Seven parameters were selected based
on the results from initial manual model calibration and pa-
rameter sensitivity rankings provided by Kite (2008). The
parameters investigated were the retention constants and ca-
pacities of the fast and slow soil stores, and coefﬁcients for
evaporation, ﬁeld capacity and Manning’s roughness.
Each parameter was varied by +/−10% from the cali-
brated value and the model re-run with baseline climate data.
The model was then run using the same perturbed parameter
set with scenario climate data (the HadCM3 2 ◦C prescribed
warming was used as an exemplar scenario). The difference
between the reference and perturbed runs was then compared
between baseline and scenario situations. If the difference
between the reference and perturbed runs is greater for the
scenario than the baseline, then model parameterisation may
be a cause of further uncertainty in climate change projec-
tions (and vice versa).
Results of the uncertainty analysis indicate that model pa-
rameterisation generally imparts little additional uncertainty
to the climate change projections relative to that generated by
differences in GCM precipitation (Fig. 7). This is in agree-
ment with previous studies (e.g. Prudhomme and Davies,
2009). However, it should be noted that the ﬁndings pre-
sented here are based on the HadCM3 2 ◦C prescribed warm-
ing scenario only. Differences in the reference-perturbed per-
cent anomaly between baseline and HadCM3 2 ◦C scenario
runs are generally less than +/−2%, with the most sensitive
parameters relating to soil water capacity and the Manning’s
roughness coefﬁcient of the river channel.
7 Discussion
This paper has presented an important assessment of future
availability of freshwater resources within the Mekong Basin
as a result of climate change, combined with an evaluation
of the range of uncertainty in this assessment due to cli-
mate sensitivity, choice of GCM and hydrological model
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parameterisation. As such, this study provides a useful
context to previous analyses of climate change impacts on
Mekong river ﬂow based on a single GCM or ensemble
means. The overwhelming dependence on the GCM used
for projections of future availability of freshwater resources
has been demonstrated (following other QUEST-GSI stud-
ies; summarised by Todd et al., 2011), which indicates
that single-GCM or ensemble mean evaluations of climate
change impacts are unlikely to provide a representative de-
piction of possible future changes in river ﬂow. It is also
interesting to revisit the concept of precipitation elasticity of
river ﬂow (as calculated for the Mekong by Hapaurachchi et
al., 2008) – although a useful statistic, it is of limited use in
climate change scenarios, given the strong inﬂuence of both
precipitation and temperature on future discharge variation.
Despite the substantial uncertainty associated with the
choice of GCM, a number of additional important issues
are raised by these results which are both speciﬁc to the
Mekong, and of more general relevance to the assessment
of climate change impacts on water resources. For exam-
ple, results show that the GCM temperature signal for river
ﬂow is far more consistent than the precipitation signal (see
Kingston and Taylor, 2010). As such, some conﬁdence can
be placed in the ﬁnding that ﬂows in the upper Mekong Basin
will increase in the ﬁrst half of the calendar year due to en-
hanced melting of snow and ice since this result is consistent
across all GCMs and all scenarios examined. The impor-
tance of snow accumulation and melt dynamics has previ-
ously been demonstrated for the Mekong Basin (Kiem et al.,
2005). Increasing temperature can also be expected to lead
to increased evaporation throughout the basin.
Theresultsalsodemonstratethatwhenaveragedoverlarge
areas such as the Mekong or even its sub-basins, neither high,
low, nor mean annual river ﬂow may respond in a linear way
to increasing temperatures. This nonlinearity concurs with
the ﬁndings of Ishidaira et al. (2008). The nonlinear changes
to Mekong river ﬂow are thought to be a consequence of con-
trasting response to increased temperature in different parts
of the Mekong Basin (earlier snowmelt versus increased
evapotranspiration), complicated by seasonally and spatially
variable changes in precipitation. Similarly complex re-
sponses to projected climate change have also been found
in studies of other rivers that also have a strong snowmelt
component to annual discharge (e.g. Thorne, 2010).
Two further important issues can also be highlighted:
ﬁrstly, the potential for thresholds of climate change im-
pacts on water resources (possibly 4 ◦C here), and secondly,
the importance of investigating changing water resources on
an intra-annual basis as it is the combination of different
changes in monthly river ﬂow that can lead to a non-linear
response at an annual resolution. In large basins that cross
climatic zones, such as the Mekong, further complication
is added by the possibility of contrasting climate trends and
changes in the relative importance of different hydrological
processes in different sections of the basin. These factors
make it difﬁcult to ascribe simple attributions to downstream
trends in discharge.
Results of this study demonstrate the importance of un-
derstanding the roles and interaction of changes in temper-
ature and the implications of this for both PET and stor-
age of precipitation as snow or ice. Together with changing
magnitudes and seasonality of precipitation, these temper-
ature driven changes have important implications for river
ﬂow. This is further complicated by the time taken for water
to pass through the continental-scale Mekong River Basin.
Although the role of PET is key to changes in the hydro-
logical behaviour of the Mekong, there remains substan-
tial uncertainty regarding estimation of both baseline and
scenario PET. Whilst the relative advantages and disadvan-
tages of many different methods of estimating historical PET
from meteorological data have been widely considered (e.g.
Vorosmarty et al., 1998; Lu et al., 2005), relatively little at-
tention has been given to how representative different PET
methods remain when transferred from baseline to scenario
climatology. Indeed, recent work (Kingston et al., 2009;
Kingston and Taylor, 2010) has shown that different meth-
ods of estimating PET can produce markedly different cli-
matechangesignals, suggestingthatthisisanareaforfurther
research.
Whilst further uncertainty in the climate change signal for
the Mekong River Basin is likely to arise from the parame-
terisation and structure of the hydrological model used, the
ﬁndingspresentedhereindicatethatsuchuncertaintyismuch
smaller than that associated with choice of GCM, climate
sensitivity, and possibly observed baseline data. Despite this,
itshouldbenotedthatthispaperhasonlyconductedaninitial
(and subjective) assessment of model parameter uncertainty.
These ﬁndings should therefore be taken as indicative rather
than deﬁnitive. Future work will aim to treat model uncer-
tainty in a more objective probabilistic manner (for example,
by using autocalibration routines). Future work would also
beneﬁt from inclusion of scenarios of land cover change.
8 Conclusions
This study of climate change impacts on the hydrology of
the Mekong River Basin has revealed a number of impor-
tant ﬁndings. Firstly, and most importantly, it has been
shown that projections of hydrological change in the basin
are highly dependent upon the direction of projected changes
inprecipitation. Theconsiderabledifferencesinprecipitation
projections produced by different GCMs emphasise the need
for multi-model evaluations of climate change impacts. It is
notable that this is still the case even in a region highlighted
by the IPCC 4th Assessment Report as having a relatively
consistent precipitation climate change signal.
Despite such uncertainty, it has been demonstrated that
useful information can still be obtained, for example by
focussing on future changes in discharge associated with
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changing temperature, as temperature is consistently simu-
lated to rise across the Mekong River Basin by all seven
GCMs. Accordingly, this study has indicated projections
of earlier and reduced magnitude snowmelt-related seasonal
ﬂow peak in the upper Mekong Basin that are robust even
in the presence of substantial uncertainty in future precipita-
tion projections. It is likely that such changes (particularly
in high and low ﬂows) will have important implications for
both the ecological and anthropogenic development of the
Mekong River Basin.
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